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Budapest, P.O. Box 17, H-1525, Hungary 
Abstract--The history of the understanding of phenomenology and energeties of chemical reactions and 
their mutual relationship is given from a certain point of view. The differentiation of the ever growing 
knowledge on continua, where chemical reactions advance leading to the development of their thermody- 
namics and chemical kinetics as distinct science branches is considered. The integration of these two 
branches by a general variational principle of thermodynamics is carried out. The time evolution of 
chemical kinetic systems is studied in this integrated theory. The role of symmetry as an instrument of 
synthesis or integration is pointed out. 
1. WHAT IS CHEMICAL  AFF IN ITY?  
Modern chemical kinetics 
Modern chemical kinetics is a science describing and explaining chemical reactions as we 
understand them at present. In the beginning, it studied the dependence of the rates of the reactions 
proceeding in a system on the concentrations of the components hen, also on other influences as 
temperature, lectric field, radiation, etc. Later on, it turned to the molecular mechanism and 
special regimes, such as chain reactions, polymerization and degradation of polymers, flames, 
combustion, explosions, oscillation, atomic and molecular beam reactions, etc. 
Modern thermodynamics 
Modern thermodynamics s the thermodynamics of irreversible processes. It was developed on 
the basis of classical thermodynamics of equilibrium systems, called thermostatics bysome authors. 
It is used in the study of transport processes as thermal conduction, diffusion, electric conduction, 
viscous flow, etc. Chemical reactions which are non-transporting irreversible processes are also 
investigated by methods of modern thermodynamics. 
Chemical kinetics and (non-equilibrium or process) thermodynamics are, these days, two 
well-defined, distinct branches of science. Phenomenological theories of the reaction rates belong 
to the former, the study of energy dissipation or entropy production by chemical reactions, the 
dependence of the reaction rates on thermodynamic forces, etc. to the latter. Let us cast our 
thoughts back to the whole history of ideas and theories pertaining to chemical reactions. It is 
perhaps better to forget our present day's terminology and speak about "transmutations of 
matter". We realize that Hippocrates who is looked upon as "father of medicine" some 24 centuries 
ago assumed that it is similarity or "affinity" that drives bodies to combine. This assumption was 
disproved but the term survived and became inheritance of the nineteenth and twentieth centuries 
and serves now to denote the thermodynamic force causing chemical reactions to advance. 
While in antiquity and later on up to the seventeenth century no experimental basis sufficient 
for setting up theories of chemical reactions existed, the second half of the seventeenth century was 
the first time scientific ideas about the causes of chemical reactions occurred. The epoch in the 
history of theoretical chemistry, starting then and lasting up to the middle of the nineteenth century, 
seems to have been devoted to searches for well-founded answers to questions: why some 
substances chemically react and why others do not? why some chemical reactions are slow, others 
fast? etc. We are not interested at present about going into details of the various theories proposed, 
with intention to systematize the experimental material that was currently at disposal. These 
theories played a transient role while the experimental material rapidly increased. However often 
the word affinity in this epoch was used, the first attempt to define it in terms of energy occurred 
no sooner than in the middle of the nineteenth century [1]. 
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The modern thermodynamic definition of the affinity of a chemical reaction (van't Hoff [2], the 
first (1901) Nobel Laureate in chemistry) was based on Gibbs' [3] complete thermodynamic theory 
of chemical equilibrium states and affinity was considered as the force causing the reaction or as 
the maximal work performed by this force when the reaction advances. However, the constitutive 
(phenomenological) equation relating rate to affinity was still required. 
2. HOW CHEMICAL REACTIONS PROCEED AND WHY? 
Meanwhile, the basic equation of chemical kinetics, a differential equation describing the 
dependence of the reaction rate on the concentration, together with its solution was published for 
a first order reaction for the first time in the middle of the nineteenth century [4]. The general theory 
of the dependence of reaction rates on concentrations, in other words the fundamental equation 
of chemical kinetics, followed soon afterwards (Guldberg and Waage's kinetic mass action law [5]). 
Thus, the understanding of chemical reactions has bifurcated: (a) phenomenological chemical 
kinetics investigated the rates of chemical reactions and evolution in time of chemical kinetic 
systems. A tremendous amount of experimental work was done, and the suitable differential 
equations were set up and solved, in a few decades around the turn of the century. (b) In chemical 
thermodynamics experimental material accumulated by measurement of the changes of thermo- 
dynamic functions (enthalpy, entropy, free energy, chemical potentials etc.) which resulted in 
systems by chemical reactions taking place along a path through equilibrium states. The 
thermodynamics of chemical equilibria was thoroughly studied in the cases of a considerable 
amount of reactions. The relationship between equilibrium constants and rate constants was 
analyzed. 
Sixty years after the first publication of the basic chemical kinetic differential equation and its 
solution and 43 years after Guldberg and Waage's publication of the kinetic mass action law, a 
bridge was built between kinetics and classical thermodynamics of chemical reactions. A 
constitutive quation consistent with the Guldberg-Waage equation of chemical kinetics was 
heuristically found for ideal systems, i.e. for ideal gases and ideal dilute solutions [6, 7]. 
After bifurcation this was the first link found between chemical kinetics quite developed and 
non-equilibrium thermodynamics of chemical reactions in its prehistory. In terminology of the 
1980s, for the elementary, reversible chemical reaction 
K K 
v;B , (1) 
k=l  k=l  
between the components Bj, B2, . . . ,  Bx the Guldberg-Waage kinetic equation for the net reaction 
rate 
de d~ d~ (2) 
dt dt dt ' 
is written as 
K 
__d~ = ~ c~, k - 1¢ 1-I c~ z, (3) 
dt = k=l 
where the v s are the stoichiometric coefficients, in elementary reactions equal to the numbers of 
colliding particles, i.e. zero, one or two. 
The key of transformation is the equation relating the chemical potentials 
#k=( f l~g~ ; k= l ,2 , . . . ,K ,  (4) 
\ ock IT, p. q , j  
with the concentrations (c) of the components in an ideal system 
#k = #~ + RT ln(ck/C°k); k = 1, 2 . . . . .  K, (5) 
where the symbol 0 labels deliberately chosen standard values and g is the density of the Gibbs 
functions. 
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Substitution of equation (5) into the kinetic equation directly leads to the Marcelin-Kohnstamm 
equation 
d__~ = 2 (e A'/RT - e a"/Rv) (6) 
dt 
or  
with 
d'_~ = ~eA,/RT; d_~ = ~eA,,/R + (7) 
dt dt 
~[=exp - ~ V'kla°k/RT (C~)'~; ~=exp -- V'~la°k/RT (c°k) ¢~ (8) 
x k~l  1 1 k=l  
K K 
A" ~, ' • A"= " = vk/~,, ~ Vk/~ k. (9) 
k=l  k=l  
The explanation must be added here that reversibility of the chemical reaction was assumed [see 
double arrow of the chemical equation (1)] together with the condition that in equilibrium the rates 
of the forward reaction [left to right in equation (1)], and of the reverse reaction (right to left) are 
equal and also that the affinity .4', causing the forward reaction to advance is equal with the 
backward affinity .4" where the symbol - labels equilibrium values. These equilibrium conditions 
involve that ~[ = 2. Therefore, the arrows will be omitted over the symbol ~.. 
It should be remembered that the free energy of the system is changed by the reaction in unit 
time by the amount 
- v'k ~k+ vk-di /~k= 
k=l  k=l  
that is equal to the negative value of the maximal work the system can perform. The value 
A =A' -A"  (II) 
is the affinity of the reaction as defined by van't Hoff. 
Later on [8], the affinity could be related to Clausius' '¢non-compcnsated heat" a concept 
introduced in 1850 [9]. In present day's terminology the relation can be written as 
~S A 
O--~ = T '  (12) 
where T and S are temperature and entropy of the system where the reaction proceeds; ~ is the 
extent of the reaction. 
In the meantime, experimental nd theoretical kinetic study of chemical reactions continued in 
the 1910 and 1920s. Then, a further link with thermodynamics was not recognized but found by 
introducing the new concept of the activity coefficient [10], into the Guldberg-Waage equation in 
the case of chemical reactions in electrolyte solutions [11]. A thermodynamic definition of the 
activity coefficient starting from the Gibbs function, on the way through chemical potential and 
relative activity, leading to activity coefficient would have led to recognition of this link. However 
this did not happen, since, alas, the relation 
a, = ykc Jc*  (13) 
was used instead to define the activity coefficient y~, a function of T, p and composition. 
Consequently, a direct replacement of the concentrations by the relative activities in the 
Guldberg-Waage equation (3) was refused. 
3. WHAT IS PROCESS THERMODYNAMICS? 
A few years later the foundation of "thermodynamics of irreversible processes" was laid 
down restricted, however, to linear constitutive equations. Reciprocal relations for the coefficients 
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were derived by statistical study of adiabatically isolated, homogeneous "aged" systems fluctuating 
around equilibrium [12]. In other words, symmetry of the coefficient matrix of the constitutive 
equations relating fluxes with forces was proved. It was also shown that the reciprocal relations 
can be expressed in terms of a potential, and permit the formulation of a variational principle: the 
"principle of the least dissipation of energy". The deduction of the constitutive equation from this 
principle was carried out for heat conduction in a continuous medium. 
After several preparatory contributions (Onsager's contribution included) a phenomenological 
theory of irreversible processes in continuous media was set up [13-15] and a second variational 
principle, the "principle of minimum production of entropy" recognized [16]. In the thermo- 
dynamics of irreversible processes in continua it was shown that by such processes in all volume 
elements entropy is produced or, what is equivalent, energy is dissipated, i.e. the transformation 
of the dissipated portion of the energy into useful work made impossible. The entropy production 
rate in unit volume is a bilinear expression, each term of which is a product of a Cartesian 
component of a flux and the conjugate force component. For example, in the process of viscous 
flow the viscous pressure tensor is the current density and the vector gradient of the mass center 
velocity divided by the temperature is the tensorial thermodynamic force; in heat conduction the 
density of the internal energy flow is the (vectorial) current density and the gradient of the 
reciprocal absolute temperature is the force. The current densities of the diffusion of the chemical 
components are the fluxes and the negative gradients of the chemical potentials divided by the 
temperature are the forces in diffusion processes. In chemical reactions both the current densities 
and the forces are scalars: the reaction rates are the fluxes and the affinities divided by the 
temperature are the forces. In the system of the constitutive quations all flux components may 
be functions of all force components and vice versa. The equations contain material constants. 
Fourier's law of heat conduction is an example for constitutive quations and heat conductivity 
for material constants. The knowledge of the constitutive quations is indispensable if concrete 
calculations are to be carried out. 
The entropy production can always be expressed as 
f 
a = ~ J,X,, (14) 
i=1 
where the Js represent Cartesian components of the fluxes and the Xs the Cartesian components 
of the forces. 
In the linear theory, from the linear constitutive quations 
f f 
J~= ~ LuXj, X~= ~ Rj j ,  i= 1,2 . . . . .  f ,  (15) 
j=t j=l 
and the reciprocal relations 
L0=Lj~, Ru=Rji, i , j= l ,2 , . . . , f ,  (16) 
the existence of the flux potential 
and the force potential 
1 f 
~0 =~ ~ LoX~X j (17) 
i,j=l 
1 f 
0 = 2 Z P-osJj, (18) 
i,j=l 
follows from which the flux components and the force components can be respectively derived 
a¢,. a~ 
J i=~i  , X i=~i  ; i=  1 ,2 , . . . , f  (19) 
Almost 35 years after that Onsager had recognized "the principle of the least dissipation of 
energy" and 20 years after the publication of Prigogine's "principle of minimum production of 
entropy", the most general variational principle of thermodynamics, the "governing principle 
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of dissipative processes" was formulated [17]. According to this principle the time and space 
evolution of thermodynamic systems i  governed in such a way that the function 
- ~k - ~b, (20) 
keeps its extremum value in all volume elements at any time. Consequently, the variation of this 
function is zero 
J(tr -- ~k -- tk) = 0. (21) 
This is the local formulation of the governing principle of dissipative processes. Accordingly, for 
the whole system we have 
6(Y. - ~ - q~) = 0,  (22)  
where the functions X, ~P, q~ are obtained by integration over the whole volume of the system. 
Equation (22) is the global form of the principle, In equations (20) and (21) a is the entropy 
production, ~k the flux potential depending on the forces and ~b the force potential depending on 
the fluxes. All the three are densities. 
Combination of equations (14), (17)-(19) and (21) is nothing more than application of the 
governing principle of dissipative processes in the linear theory. It leads to the equation 
if(( ~tiJ+gJi (Xi-j~lRij~Rji4) ) E Ji - ~j aX i -°l- 0 4 --- 0 ,  (23)  
• j= l  .= 
where 6X~ and a4 (i = 1, 2 . . . . . .  f )  are independent variations and can be arbitrarily chosen. 
Therefore, all the expressions in parentheses vanish, i.e. the linear constitutive quations are 
reobtained with symmetric coefficient matrices. 
4. THE UNIFIED FIELD THEORY OF THERMODYNAMICS 
The phenomenological theory of irreversible processes in continuous media elaborated in the 
1940's, however, lacked the uniformity and completeness characteristic of the mechanics of 
continua nd electrodynamics. The unified field theory of thermodynamics [18], was then published. 
In this theory the complete set of extensive state variables Ai (i = 1, 2 , . . . ,  f )  is defined. Their local 
densities ai moving with velocities v~ represent current densities J~ = aiv~ and, of course, are functions 
of time and position. The balance quations 
da~ 
& = -- div Ji + a,, (24) 
hold for the local values with the local source densities ai. The local density of the entropy 
s = s(al . . . . .  ai . . . . .  a/) (25) 
is also a function of time and position. The intensive variables are defined by 
Os. 
Fi = ~a~' i = 1, 2 . . . . .  f . (26) 
The local rate of entropy production in unit volume a is obtained from the time derivative of s 
by combination with the balance quations and with the definition of the intensive variables 
a = Z J :  grad Fi + ~, F ia i ,  (27) 
where summation is carried out over all values of the subscript. The first term on the right-hand 
side is the entropy production by the transport processes caused by the thermodynamic forces grad 
Fi. The second term is the entropy production involved with the inner generation of the extensive 
quantities, for example production of some components and consumption of some other 
components by chemical reactions. 
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5. L INEARLY INDEPENDENT CHEMICAL REACTIONS AND THEIR 
ENTROPY PRODUCTION 
In the chemical kinetic system of S elementary reactions1" 
K K 
v~,B k-*~ v~,Bk t= l ,2  . . . . .  S, (28) 
k~l k=l 
and their reverses the concentration Ckof the component Bk will be changed by the reactions at 
a rate 
(.~t  d~t~ ak = ,=, (v [ . -  v;,,) dt  J k = 1, 2 . . . .  , K. (29) 
while the intensive parameters are 
OS ~k 
Fk=dCk T '  k = l ,2  . . . . .  K. (30) 
Thus, the contribution of the complete system of all chemical reactions to the entropy production 
becomes 
o-Chem= ~ (~.~ a~...~'.'~( d t d~t~= ~ At d~t 
,=, T , ]kdt  dt ] ,= ,T  a t '  (31) 
where in conformity with equations (9) and (11) A~, A'/ and A, (t = 1 ,2 , . . . ,  S) are forward 
and backward affinities and affinities of the reactions, respectively and, in conformity with 
equations (2), (6) and (7), d~t/dt, d~t/dt and d~,dt (t = l, 2 , . . . ,  S) are rates of the forward and 
the backward reactions and the net reaction rates, respectively. 
Among the collection of all reactions which, in general, are linearly dependent, sets of linearly 
independent reactions may be found. The maximum number of linearly independent reactions will 
be Q, if this is the rank of the K x S stoichiometric matrix [v~t ]. A set of reactions is called 
stoichiometrically independent, if no chemical equation in this set can be obtained by linear 
combination of any subset of this set of chemical equations. The elements of the K x Q matrix 
[V~u ] of the independent set of reactions and the K x S matrix [V'k,] of the system of all reactions 
will be related by the equations 
Q 
v'k,= ~ ~'tuv',.; k = l ,2  . . . . .  K; t = l . . . . .  S, (32) 
u=l 
with 
7,, = 6,. + f,., (33) 
where fit. (u = 1, 2 . . . . .  Q; t = 1, 2 . . . . .  Q, Q + 1 . . . . .  S) are the coefficients of linear combination 
and 
is the Kronecker 6-symbol. Relations analogous with equation (32) hold also between elements of 
[v~,] and [v~,] with the same constant coefficients. 
Substituting the equations which relate the stoichiometric matrices of the kinetic system of all 
reactions to those of a complete set of independent reactions into the definition of the affinities 
we obtain for the chemical entropy production 
with 
= de:  (35) 
t=, T ] \ dt dt ,] ,=, \  T dt ' 
= 2., Y,, I-h-7 ; u = 1, 2 , . . . ,  Q. (36) dt ,= I \,. , ,  dt ] 
tThe character S denotes here number of reactions inthe kinetic system (28) and should not be confounded with the entropy. 
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6. EXTENSION BEYOND LOCAL EQUILIBRIUM 
In the thermodynamic theories of irreversible processes in continua, in contrast to the 
non-equilibrium state of the whole system, locally cellular equilibrium was postulated. In other 
words, it was assumed that in each volume element (cell), the values of the densities of the 
independent s ate variables and state functions exist and that the latter are the same functions of 
the former as in equilibrium systems. 
The first important extension beyond this ~basic assumption of local equilibrium was the 
derivation of an additional term in Fourier's second law of heat conduction [19]. This term which 
is linear in the second time derivative of the temperature was obtained from the kinetic gas theory 
and led to a telegraph-type, hyperbolic differential equation for the temperature as variable. This 
equation reflects the role of thermodynamic waves in heat propagation by conduction. The term 
added to the second Fourier law corresponds to a supplement to the force ( -grad T) and as was 
understood 30 years later [20], can be traced back to an entropy term quadratic in the current 
density of internal energy flow, added to the equilibrium entropy. Thus, Cattaneo's theory was an 
extension beyond local equilibrium. 
Thirty years later, in the wave approach of thermodynamics [20] the local entropy density of the 
unified field theory of thermodynamics was extended beyond equilibrium by a term quadratic in 
the current densities of the purely dissipative transport processes. Thus, the extension of the 
thermodynamic forces grad/" by terms linear in the first time derivatives of the current densities 
is involved. Linear constitutive quations are assumed between the current densities and the 
extended forces with the same coefficient matrix as in the unified field theory. Finally, by 
combination of these constitutive quations with the first and second derivatives of the local state 
equations and with the source-free balance quations, complete sets of telegraph-type hyperbolic 
equations have been derived both for the intensive variables F and the densities a of the extensive 
variables. These equations describe general thermodynamic waves, i.e. superimposed propagation 
by waves and conduction. Coefficients of these equations are relaxation times, diffusivities and 
conductivities. 
For other extensions of the thermodynamics based on the assumption of local equilibrium see 
Ref. [21]. 
7. EXTENSION TO NON-LINEAR PHENOMENOLOGICAL EQUATIONS 
In the first thermodynamic theories of irreversible processes in continua linear equations were 
postulated to relate fluxes to forces and vice versa. The proofs of the reciprocal relations and of 
the applicability of variational principles were given for the linear theory, only. Fourier's law of 
heat conduction and Fick's law of diffusion are linear constitutive equations and proved to be good 
approximations for over a century. Thus, the assumption of linear constitutive quations eemed 
to be justified, at least in the case of transport processes. However, it is obvious that a linear 
function will be a poor approximation to the exponential functions of the Marcelin-Kohnstamm 
equation. States near equilibrium will be no exceptions in this respect, since in equilibrium the 
affinities A' and A" and the rates d~/dt and d~/dt may have high values while ,4' = .,1" and 
d~/dt = d~/dt. Therefore, in 
e A'/RT = 1 + ~-~ +~. \RT J  + ~. kRT) +""  (37) 
the terms of higher order are not negligible, and the same holds true for the reverse affinity A ". 
The insufficiency of linear constitutive equations and the fact that for the formulation of 
variational principles in thermodynamics the existence of dissipation potentials is a precondition, 
made the generalization of the reciprocal relations for non-linear constitutive quations necessary 
[22, 23]. This generalization was postulated in the forms 
O J, OJ~. OX~ ~Xk. 
OXk = ~---~' O-~k = O J , '  i, k = 1, 2 . . . . .  f ,  (38) 
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where 
J~ - J~(Xt . . . .  , Xk . . . .  , XI); X; =-- X~(Jt . . . .  , J k , ' ' ' ,  J / )  (39) 
are, in general, non-linear functions. Because of equations (38) the dissipation potentials 
¢ = ~(X , , . . . ,  X, . . . . .  X~) (4O) 
q~ = q~(J, . . . . .  J, . . . .  , J :) (41) 
may exist for which 
and 
Ji=~7;-..; i=  1,2 . . . . .  f ,  (42) 
o.ai 
a4, X~ = ~-j~ ; i = 1 ,2 , . . . , f ,  
and equations (38) are nothing else than Maxwellian symmetries like 
(43) 
OJk O Jk \O l J  OJ~\O-J~kl = Ol," (45) 
8. WHAT ARE THE FORCES DRIVING CHEMICAL REACTIONS TO 
ADVANCE? HOW IS THE EVOLUTION OF CHEMICAL 
K INETIC SYSTEMS GOVERNED? 
During the 30 years which passed after the postulation of the generalized reciprocal relations 
several attempts were made to prove these in the case of a chemical kinetic system with the 
elementary chemical reactions (28) and their reverses. All attempts failed because of wrong choice 
of the thermodynamic forces. 
Finally, it was shown that in the case of the chemical kinetic system (28) the generalized 
reciprocal relations will be satisfied, if we choose the collection 
- -  . . . , - -  . . . ,  , , . ' . ,  , . . . ,  T ' T ' T T T T (46)  
[see right-hand side of equation (35)] as independent hermodynamic forces [24]. The flux conjugate 
to both A'u/T and -A~/T is d~*/dt as defined by equation (36). The constitutive quations are 
obtained from the Marcelin-Kohnstamm equations in the form 
d~* 7,,).t exp ?,vA~/RT -exp  -1  dt  ¢~Av/RT  , u = 1, 2, . . . , Q. (47) 
t= l  v 1 
It is easy to verify satisfaction of the generalized reciprocal relations, since the forces in the 
exponents are linearly independent. The inverse constitutive equations we obtain by direct inversion 
of equations (7) in the forms 
--=A'T Rln  2, ; ~=Rln  2, ," t= l ,2 , . . . ,S .  (48) 
Since, in contrast o the 2S forces, among which only sets of at most 2Q are independent, the 
collection of all rates d~/dt; d~/dt  (t = 1, 2 . . . .  , S )  are linearly independent, the matrix of the 
partial derivatives of the forces with respect o the fluxes is a diagonal matrix. Consequently, the 
inverse generalized reciprocal relations will be trivially satisfied. 
Also the governing principle of dissipative processes was applied to systems of elementary 
reactions in homogenous continua [24, 25] and the kinetic mass action law derived from this 
principle. 
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The dissipation functions ~k and tk can be easily constructed and have the forms 
¢=2R ~ 2, Eexp( ~ ?,~A~/RT)+exp(-v~ '~A'~/RT)] 
t f f i l  v I I , 
and 
(49) 
~b = 2R £ rd~',=, Ld--] (~tt/) d~t" (~~t~/) (d~\ dt d~t~ldt J J In )" + at  In 2, -- + (50) 
principle of dissipative processes pertaining to the complete system of the The governing 
elementary chemical reactions is obtained then in the form of the following equation: 
L dt -2  exp r~A'dRT J 
u=l  ffi v I 
+ L at + 2 ~u2,exp -v  = x ,= J I ) '~A ~ ' /RT  6 
A;, (S/)] @) + ---~- + -~-- 2R In ~., t5 =0, (51) 
t= l  
where the variation was carried out with respect o the complete set of independent variables. 
Therefore, according to equation (51), all expressions in brackets must be zero. Combination of 
the equations thus obtained gives us the constitutive quations (47) and (48), and, since the latter 
in ideal systems are equivalent with the Guldberg-Waage kinetic mass action law, as shown here, 
the basic equation of chemical kinetics was deduced from the governing principle of dissipative 
processes [24, 25]. It was also demonstrated [25] that for non-ideal systems the same deduction leads 
to the generalization of the kinetic mass action law in the form 
k K 
d~.___2 = d~, d~, = ~, ]-'I a~ k' -~,  I] a¢~' • t = 1, 2,. . . ,  S, (52) 
dt dt dt k=l  k=l  
where 
ak = exp ; k = 1, 2 . . . .  , K, (53) 
are the relative activities of the components in the system (not to be confounded with the as in 
equations (25) and (55), etc.). Chemical potentials and the density of the Gibbs function are defined 
in the unified field theory of thermodynamics a
0g 
(55) 
and 
g = g(r, t) = g[al(r, t) . . . . .  ai(r, t) . . . . .  af(r, t)]. 
As already mentioned, formula (52) was to date refused by some authors. 
9. HOW DOES A CHEMICAL KINETIC SYSTEM EVOLVE IN TIME? 
In chemical kinetics, concentrations of the components in the kinetic mass action law can be 
expressed in terms of the extent of the reaction provided that the system is closed. Thus, we arrive 
at a differential equation of one variable: the extent of the reaction. The solution of this equation 
is the extent of the reaction as a function of time. 
In thermodynamics we have another possibility for the study of the evolution. By combination 
of the Marcelin-Kohnstamm equation (7) with De Donder's relation (12), also considering 
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equation (11), we may obtain differential equations for the thermodynamic forces and the reaction 
rates whose solutions how us how the chemical reaction evolves in time. 
Differentiation of the De Donder relation with respect' o time leads to 
where the coefficient 
d(A/T) = s" __de (56) 
dt dt '  
~2 S 
s" = (57) d¢2' 
in general, depends on the extent of the reaction ~ and on time. In linear approximation s" is a 
constant. Equation (56) can be split in two, one pertaining to the forward and the other to the 
reverse reaction: 
and 
d(A'/T) =s,,d~ (56') 
dt dt 
d(A"iT) d~ 
Su~ 
dt dt " 
These can be combined with the Marcelin-Kohnstamm equations 
d~ = 2 exp R 
d--7 T 
and 
We then obtain 
and 
or 
and 
according as we eliminate the reaction rates 
d~=2 /A"/ \ 
~-~ oxPtTIR ) 
("/) d(A '/T) = s"2 exp R 
d---S-- ¥ 
d(,4"/T) s"2 /A" I h 
~----7-: °x~tv/'<) 
1 d[ s" 
f2dt R 
1 d~ s" 
[2 dt R 
d~ d~ 
~=~-  and f=~-~ 
or the forces A "/T and ,4 "/T. 
In linear approximation, i.e. assuming constancy of s", we obtain the solutions 
A' (A') [ s"2 F[A'\ / -lq 
T-- v-o -~"  '- '~°xpktv)o/'~]] 
A" (A"~ [ s"2 r/A"h /_'T] 
v:~T/o -'<"L'-'~°~'>Lt,v)o/'<//' 
(56") 
(583 
(58-) 
(59') 
(59") 
(6o3 
(60") 
(61) 
(62') 
(62") 
Chemical kinetics and thermodynamics 453 
of equations (59) and the solutions 
3 = 30/(1 - ts"3o/R) (63") 
3 = 30/(1 - tS"3o/R) (63") 
of equations (60) which describe the time evolution of the reversible lementary chemical reaction 
K K 
k~l  k=l  
between the components B~, B2 . . . .  , Bx. Thus we may see how the affinities ,4' and A" and the 
reaction rates d~/dt and d~/dt depend on time. In equations (62) and (63) the indices 0 label initial 
values. 
By integration of the difference of equations (63') and (63") we may go even one step further. 
We obtain 
= ~'(d~ d~)dt=ln l - (s"3o/R)t  (65) 
Jo \dt dt 1 - (s"3o/R)t' 
which is the solution of the kinetic mass action law of a reversible lementary reaction. The form 
of equation (65) does not depend on the kinetic orders of the forward and of the backward reaction. 
Comparison with the usual solution in classical chemical kinetics will give the significance of the 
constant s". For example, in the case of the reversible lementary reaction 
Bj + B2~B3 + B4 (66) 
the differential equation expressing the kinetic mass action law and its solution can be found on 
pp. 29-30 of Ref. [26], where the example represented by the gas phase decomposition of HI, 
2HI = H 2 + I2 is mentioned. 
The method of combination of the De Donder relations with the Marcelin-Kohnstamm 
equations can be applied also to any chemical kinetic system of elementary reversible reactions, 
e.g. to the system represented by equations (28). In most cases, however, 
s"= 0¢ 
is not a constant but a function of A/T and another function of ¢. Therefore, integration of 
equations (59) and (60) is only I~ossible if we know these functions. 
10. THE ROLE OF SYMMETRY IN THE STUDY OF IRREVERSIBLE 
PROCESSES 
We have seen that in the case of constitutive (in other words phenomenological) equations 
symmetry plays an important role. The coefficient matrix 
"L. Ll2 Ll3 "'" Llf- 
L21 L22 L23 ' " " L2I 
L3) L32 L33 " • " L3f 
LI, Ln L .  "'" G 
(67) 
is symmetric n any case• In the linear theory, the elements Lu, are constant coefficients in the linear 
constitutive equations. In the general non-linear theory, however, the elements of the above matrix 
are defined as 
Lij = t3Xk' i, k = 1, 2 , . . . ,  f .  (68) 
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In both theories this symmetry was a condition for the existence of dissipation functions and 
thus opened the way for the deduction of the according constitutive quations from the general 
variational principle of thermodynamics. Constitutive equations are results in different branches 
of science, originally outside thermodynamics. Hooke's law (1660) of elasticity, Ohm's law (1827) 
of electric conduction, Fourier's law (1822) of heat conduction, the Navier-Stokes equations (1845) 
for viscous fluids, Fick's law (1855) of diffusion and the Guldberg-Waage kinetic mass action law 
(1867) of chemical kinetics should be mentioned here as examples of constitutive equations in 
different branches of science. 
The general effect of the derivation of the constitutive equations of heat conduction [27-29], 
diffusion [30], viscous, laminar and plastic flow and turbulence [31-35], chemical kinetics [24, 25] 
etc. from a variational principle of thermodynamics i some kind of synthesis of the science of 
material and heat transfer, rheology, chemical kinetics, etc. with thermodynamics. We have seen 
that the study of chemical reactions once bifurcated into chemical thermodynamics and chemical 
kinetics. The symmetry manifested in the generalized reciprocal relations now makes possible the 
reattachment of the two science branches, treating chemical reactions by the methods of process 
thermodynamics and of chemical kinetics, respectively. Thus, we may consider symmetry as an 
instrument of synthesis, the synthesis of these two sciences. We may perhaps believe that it is a 
general property of symmetry that symmetry is an instrument of synthesis or integration. 
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